Accumulating evidence indicates that cellular and molecular abnormalities occur during oocyte aging, including fragmentation, increases in intracellular reactive oxygen species (ROS), and abnormal Ca 2+ oscillations. The objective of the present study was to characterize the relationships between intracellular ROS, Ca 2+ homeostasis of endoplasmic reticulum (ER), and fragmentation in aged porcine MII oocytes. Prolonged culture (36 h) of porcine oocytes resulted in elevated intracellular ROS level, impaired ER Ca 2+ homeostasis (i.e., Ca 2+ storage, Ca 2+ rising patterns after electroactivation, and the cluster distribution of ER), and increased fragmentation rates. However, when the porcine oocytes were treated with 1,2-bis(2-aminophenoxy)ethane-N,N,N 0 ,N 0 -tetraacetic acid tetrakis(acetoxymethyl ester), an intracellular Ca 2+ chelator, the fragmentation was significantly inhibited during in vitro aging. In order to pursue the underlying mechanisms, H 2 O 2 and cycloheximide (CHX) were used to artificially increase or inhibit, respectively, the intracellular ROS levels in aged porcine oocytes during in vitro culture. The results demonstrated that incubation of porcine MII oocytes with H 2 O 2 damaged the ER clusters and the Ca 2+ regulation of ER, leading to a high proportion of fragmented oocytes. In contrast, CHX, an intracellular inhibitor of ROS generation, prevented both increase of ROS level and damage of the ER Ca 2+ homeostasis in porcine oocytes during aging, resulting in low fragmentation rate. We conclude that the increased intracellular ROS damaged the ER clusters and ER Ca 2+ homeostasis, resulting in a disorder in ooplasmic free Ca 2+ , which caused the fragmentations seen in porcine MII oocytes during aging.
INTRODUCTION
It is well established that oocyte quality determines the developmental potential of embryo after fertilization [1] . Oocyte aging can induce changes in the cytoskeleton and activity of various enzymes, which result in spontaneous parthenogenetic activation, fragmentation, or lysis [2] . Oocyte fragmentation, a manifestation of apoptosis [3] , is an integral part of oocyte aging [4] . In some species, unfertilized aged oocytes undergo spontaneous fragmentation. Although these oocytes can be fertilized, there are increases in cellular apoptosis, pregnancy losses, and congenital defects [5] .
In previous studies, Ca 2þ oscillations not only induce oocyte activation and promote oocyte subsequent development after fertilization, but they also cause abnormal activation and apoptosis in oocytes [6] . The location, duration, and amplitude of the Ca 2þ release can cause numerous effects, including oocyte activation as well as apoptosis of somatic cells [7, 8] . Because fragmentation in aged oocytes is hastened by fertilization-induced initiation of Ca 2þ signal [6] , the Ca 2þ signal may initiate fragmentation in fertilized aged oocytes. However, the mechanism controlling fragmentation of aged oocytes without activation has not been determined.
The endoplasmic reticulum (ER), which serves as a source and regulator of the Ca 2þ signals [9] , plays a vital role in the cell's Ca 2þ metabolism. In somatic cells, the ER system is disrupted in aging and in several pathological conditions [10] , and low Ca 2þ in the ER is an effective trigger of cell death by suppressing protein synthesis [11] [12] [13] . In mammalian oocytes, the presence of the specialized ER clusters in metaphase II (MII) oocytes has been showed to act as sensitive pacemaker sites for the generation of Ca 2þ oscillations at fertilization [14, 15] . It has been reported that aging-related changes in Ca 2þ oscillations in aged mouse oocyte might be attributed to dysfunction of intracellular Ca 2þ regulation, presumably of the Ca 2þ pump in the ER [16] [17] [18] . Although the authors clarified the effects of in vitro aging of oocytes on Ca 2þ regulation of ER, they did not examine the effects of in vitro aging of oocytes on the state of the ER clusters in aged MII oocytes. Moreover, Gordo et al. [19] reported that the disrupted Ca 2þ signaling in in vitro aged mouse oocytes led to apoptosis of oocytes. Because intracellular Ca 2þ concentrations are increased in the aged human oocytes [20] , it seems necessary to investigate whether the Ca 2þ release from the ER in aged oocyte is involved in spontaneous fragmentation. However, even the mechanism controlling these changes in Ca 2þ homeostasis of the ER has not been determined.
A recent report suggests that oxidative stress plays an important role in oocyte apoptosis, oocyte aging, and female fertility [8] . The increase of reactive oxygen species (ROS) level induces intracellular Ca 2þ concentrations rise in ascites carcinoma and human CTL and NK cells [21] [22] [23] . Recent results show that the particular ROS, especially superoxide anion, plays a critical role in the induction of ER stress and apoptosis by cadmium [24] . Takahashi et al. [25] has demonstrated that the alterations of Ca 2þ oscillations in in vivo aged oocytes are caused by H 2 O 2 treatment during aging. These results indicate that the increased ROS is associated with Ca 2þ metabolism.
In order to test the hypothesis that increased ROS induces abnormal Ca 2þ release from damaged ER causing fragmentation of porcine MII oocytes, several chemicals are used to hasten and inhibit oocyte fragmentation in this study. First, changes to the pattern of intracellular ROS, Ca 2þ homeostasis of ER, and fragmentation in aged porcine oocytes are characterized. Then, we use a membrane-permeable selective chelator of intracellular Ca 2þ stores, 1,2-bis(2-aminophenoxy)-ethane-N,N,N 0 ,N 0 -tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM), which can chelate ooplasmic free Ca 2þ ions, to document the role of free Ca 2þ ion in spontaneous fragmentation of porcine oocytes. After that, the effects of intracellular ROS content on Ca 2þ homeostasis of ER and fragmentation are observed after treatment by H 2 O 2 to increase intracellular ROS level or after the addition of cycloheximide (CHX) to prevent intracellular ROS production [26] [27] [28] .
MATERIALS AND METHODS
All the chemicals were purchased from Sigma Chemical Co. unless specified otherwise.
Oocyte Collection and In Vitro Maturation
Ovaries from white cross-bred gilts were collected at a local abattoir and transported to the laboratory at 308C-358C in 0.9% NaCl with 75 mg/L penicillin and 50 mg/L streptomycin within 2 h after slaughter. Cumulus-oocyte complexes (COCs) with at least three layers of unexpanded cumulus cells were aspirated from nonatretic follicles [29] with the diameters from 2 to 5 mm using an 18-gauge needle affixed to a 10 ml syringe. The COCs were rinsed three times in maturation medium and were then incubated at 398C with 100% humidity and 5% CO 2 in air for 44 h. The maturation medium consisted of TCM 199 (Invitrogen) supplemented with 10% porcine follicular fluid, 10 international units/ml human chorionic gonadotropin (Chorulon; Intervet Australia Pty Limited), 10 international units/ml equine chorionic gonadotropin (Folligon; Intervet Australia Pty Limited), 10 ng/ml EGF, 0.60 mM cysteine, 75 mg/L penicillin, and 50 mg/L streptomycin. In this maturation system, approximately 85%-90% of porcine oocytes reached MII phase after 44 h of culture.
In Vitro Aging of Oocytes
After maturation, cumulus cells were removed by gentle pipetting in PBS with the presence of 0.1% hyaluronidase. Only the MII oocytes were cultured in PZM-3 in 5% CO 2 -humidified air at 398C for in vitro aging from 0 to 36 h. During this period, the morphology of the oocytes was assessed at different times.
Observation of the Distributions of ER Clusters in Oocytes
The ER was visualized by using a General ER Staining Kit (GMS10041.1v.A; Genmed Scientific Inc.) according to the manufacturer's instructions. During aging, the oocytes without fragmentation were randomly selected from each group, washed three times in TCM 199, and fixed in 4% paraformaldehyde solution at 48C for 1 h. After fixation, the oocytes were washed three times in TCM 199 containing 25 mM Hepes (H199) and then incubated at room temperature for 1 min in reagent A, supplemented with ER fluorescence probe solution (i.e., 3,3-dihexyloxacarbovyanine iodide, a carbocyanine positive-ion fluorescence dye). Following three washings in H199, the oocytes were placed on a slide with a cover slip and examined with laser scanning confocal microscopy (TE-2000-E; Nikon). The ER fluorescence dye was excited with 488 nm light, and emitted fluorescence was collected with a 505 nm long-pass filter. Analysis of ER clusters was carried out using MetaMorph imaging software. The distribution of the ER clusters was reflected by the fluorescent patterns and their intensities in aged porcine oocytes [30] .
Measurement of the Ca 2þ Stores in ER
Calcium stores within the ER of oocytes were determined based on the principle that free Ca 2þ content is directly related to the ratio of fura-2 fluorescence intensity at 530 nm excited by ultraviolet light at 340 and 380 nm (ratio ¼ 340 nm/380 nm), respectively [31, 32] . First, the MII oocytes aged for 0 and 36 h were incubated in Ca 2þ -free Hepes-TL-PVA medium in the presence of 5 lM thapsigargin for 30 min [31, 32] to inhibit the Ca 2þ -ATPase pumps in the ER. After washing in Ca 2þ -free medium, oocytes were incubated in TCM199 supplemented with 4 lM fura-2/AM (Invitrogen) at 38.58C for 50 min, and then the ratio (F full ) was recorded. Second, the oocytes were recovered and transferred into the TCM 199 containing 50 lM ionomycin for 5 min, which induced the release of all the Ca 2þ from the ER stores [31] , and the ratio (F empty ) was recorded. Finally, Ca 2þ stores of ER was estimated (Ca 2þ ER ¼ F empty À F full ) [31] . TANG ET AL.
Detection of Intracellular Free Ca 2þ Ion in Oocytes after Electroactivation
The Ca 2þ content in oocytes after electroactivation were measured as described by Sun et al. [33] with some modifications. According to the above experiments, at 0 and 36 h after the start of aging, the MII oocytes were incubated in TCM 199 supplemented with 4 lM fura-2/AM at 38.58C for 50 min. After three washes in TCM 199, fura-2/AM-loaded oocytes were transferred into H199 and stimulated by a single direct current electrical pulse (1.3 kV cm at 228C-238C for 80 lsec) from a cell fusion apparatus (Fujihira Industry Co. Ltd.). The levels of free Ca 2þ in ooplasm were evaluated by measuring the ratio of fura-2 fluorescence intensity at 530 nm excited by ultraviolet light at 340 and 380 nm, respectively. Fluorescence data, collected with a fluorescence microscope (BX51; Olympus) every 1 sec, were calculated with Metafluor software (Universal Imaging) and expressed as Ca 2þ rising patterns [7] . For each oocyte, the peak Ca 2þ level after electrostimulation was determined as well as the recovery of Ca 2þ level after stimulation (the end Ca 2þ level). Then the increase in Ca 2þ level was defined as the peak Ca 2þ minus basal Ca 2þ level [25] . The relative ability of ER to reuptake Ca 2þ ¼ (peak Ca 2þ level value À basal Ca 2þ level value)/(peak Ca 2þ level value À end Ca 2þ level value). The end level was the restoring Ca 2þ level after stimulation.
BAPTA-AM, H 2 O 2 , and CHX Treatments
BAPTA-AM [34] , H 2 O 2 , and CHX were used to treat oocytes during aging according to one of several protocols: (1) Oocytes were cultured in PZM-3 supplemented with different BAPTA-AM concentrations (0, 5, 10, 15, 25, and 50 lM) after the end of in vitro maturation (IVM); (2) Oocytes were first incubated in PZM-3 containing 2 mM H 2 O 2 for 10 min and then cultured in PZM-3 for 4 or 36 h; (3) Oocytes were first exposed to 5 lg/ml CHX for the first 12 h during IVM and then cultured in PZM-3 containing 5 lg/ml CHX for 36 h; or (4) Oocytes were first exposed to 5 lg/ml CHX for the first 12 h during IVM, then the IVM oocytes were incubated in PZM-3 containing 2 mM H 2 O 2 for 10 min after IVM, and then they were cultured in PZM-3 containing 5 lg/ ml CHX for 36 h. Each treatment included a control. A preliminary experiment for each of these treatments was run to decide the appropriate model (see Supplemental Data; available online at www.biolreprod.org).
Measurement of ROS in Porcine Oocytes
For all the groups, intracellular ROS levels (at 0 and 36 h of aging) were evaluated with fluorescent spectrophotometry using a commercial kit (GENMED Scientific Inc.) in accordance to the manufacturer's protocol. In the assay, 2 0 ,7 0 -dichlorofluorescein diacetate passively entered the MII oocytes and reacted with ROS to produce dichlorofluorescein, a fluorescent compound. The fluorescent values were assayed using a fluorescent luminometer (Bioluminat Junior; Berthold). Values of ROS were expressed as counted photons per second (p/s).
Statistical Analysis
All the quantitative data were subjected to least-squares ANOVA using the General Linear Models procedures of the Statistical Analysis System (SAS Institute). Tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. All the data were expressed as mean 6 SEM. Differences were considered to be significant when P , 0.05. All the experiments were replicated three times with !30 oocytes per replicate.
FIG. 2. The changes of ER clusters in porcine MII oocytes at different times of aging.
A) The images of ER clusters in porcine oocytes during aging. The MII oocytes were selected randomly from each group after aging for 0, 12, 24, and 36 h, respectively. After fixation, the ER of porcine oocyte was dyed by using a General ER Staining Kit, and the distributions of ER clusters were designated as grades 1-6 by different fluorescent patterns and intensities, with representative images shown in a to f, respectively. Grade1 (a): fluorescent clusters extended throughout the cytoplasm, and the fluorescent intensity was very strong. Grade 2 (b): fluorescent clusters extended throughout the cytoplasm, and the fluorescent intensity was moderate. Grade 3 (c): about 20% of the fluorescent clusters were lost, and the fluorescent intensity was moderate. Grade 4 (d): about 50% of the fluorescent clusters were lost, and the fluorescent intensity was moderate. Grade 5 (e): about 90% of the fluorescent clusters were lost, and the fluorescent intensity was weak. Grade 6 (f): there was no distribution of ER clusters, and the fluorescent intensity was weak. Bar ¼ 50 lm. B) Distribution of porcine oocytes with different ER grades at different aging times. The porcine oocytes were aged for 0, 12, 24, and 36 h, respectively, and the numbers of porcine oocytes with different grades (a-f) were counted.
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RESULTS
The Changes of Fragmentation and Distributions of ER Clusters in Aged Porcine Oocytes
Fragmentation of porcine oocytes during aging. During aging, porcine MII oocytes displayed normal (Fig. 1A) or fragmented (Fig. 1B ) morphology in PZM-3 medium. Fragmented oocytes were first observed after 24 h of culture, and the fragmentation rate was significantly increased to 8% at 36 h ( Fig. 1C; P , 0.05) .
Distributions of ER clusters in porcine oocytes during aging. The densities of ER clusters in aging oocytes were ranked from grades 1 to 6 ( Fig. 2A) . The distributions of ER clusters changed significantly in the porcine oocytes during aging. The ER clusters were gradually lost (Fig. 2B) , and most ER clusters disappeared at 36 h of aging.
Changes of Intracellular ROS and Ca 2þ Metabolism in Aged Porcine Oocytes ROS level and Ca 2þ metabolism. The intracellular ROS levels in the oocytes were increased with prolonged duration of culture (36 h: 3.84 6 0.40 vs. 14.84 6 1.16, P , 0.05; Fig.  3A) . Concurrently, Ca 2þ storage in the ER decreased significantly in the oocytes cultured for 36 h (0.51 6 0.05 vs. 0.30 6 0.05, P , 0.05; Fig. 3B ). We also compared the patterns of Ca 2þ rise after electrostimulation between fresh and aged oocytes. The amplitudes of the Ca 2þ rise patterns were markedly decreased in the aged oocytes compared to the fresh oocytes, whereas the basal Ca 2þ level in the aged oocytes was higher than fresh oocytes (Supplemental Figure S1) . Moreover, both the ability of ER to release Ca 2þ (0.20 6 0.02 vs. 0.08 6 0.01, P , 0.05; Fig. 3C ) and to reuptake Ca 2þ (91.30% 6 2.65% vs. 22.22% 6 2.08%, P , 0.05; Fig. 3D ) were significantly decreased after the oocytes were aged for 36 h versus 0 h of culture.
Inhibition of BAPTA-AM to Fragmentation in Aged Porcine Oocytes
The percent fragmentation are presented in Figure 4 where the porcine oocytes were incubated in PZM-3 supplemented with different concentrations of BAPTA-AM for 36 or 72 h. 
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The results show that fragmentation was significantly inhibited by BAPTA-AM.
Effects of ROS on Fragmentation and Ca 2þ Metabolism in Aged Porcine Oocytes
Effects of ROS on fragmentation. To confirm whether intracellular ROS levels affected fragmentation and Ca 2þ metabolism in aged porcine MII oocytes, the normal intracellular ROS levels of fresh oocytes were artificially modified by H 2 (Fig. 5) .
Effects of ROS on the distribution of ER clusters. A significant difference in the distribution of ER clusters was noted between H 2 O 2 treatment and the control oocytes at 4 h after the end of IVM. Treatment with H 2 O 2 resulted in the ablation of ER clusters in the porcine MII oocytes (Fig. 6A) . However, when the porcine oocytes were treated with CHX, the distribution of the ER clusters was normal, matching the pattern seen in the control group at 36 h after the end of IVM (Fig. 6B) .
Effects of ROS on Ca 2þ rise patterns of porcine oocytes following electrostimulation. The Ca 2þ rise patterns following electrostimulation as an index of Ca 2þ regulation in fresh and aged porcine oocytes were examined. After electroactivation, the amplitude of Ca 2þ rise patterns in porcine oocytes treated with H 2 O 2 was decreased significantly (Supplemental Fig. S2A) . Nevertheless, the CHX treatment prevented diminution of the amplitude of Ca 2þ rise patterns in the aged oocytes (Supplemental Fig. S2B ). In accordance to the amplitude of Ca 2þ rise patterns, the Ca 2þ concentration was obviously decreased in the oocytes exposed to H 2 O 2 (0.02 6 0.01 vs. 0.17 6 0.04; P , 0.05) (Fig. 7A ) and markedly increased in the oocytes treated with CHX after electrostimulation (0.15 6 0.03 vs. 0.08 6 0.01; P , 0.05) (Fig. 7B) . 
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DISCUSSION
In the present study, the fragmentation rate was significantly increased when unfertilized porcine MII oocytes were cultured in PZM-3 for 36 h. Similar spontaneous fragmentation also occurs in equine [35] and mouse oocytes [36] during prolonged culture in vitro. Unfertilized aged oocytes in vivo undergo spontaneous fragmentation in some species that result in low fertility [5] . In previous studies, increased fragmentation in developing pig aged oocytes had negative effects on subsequent embryonic development by causing developmental arrest and apoptosis [37] [38] [39] . Our results likewise showed increasing rates of age-dependent fragmentation in porcine MII oocytes (Supplemental Table S1 ), indicating that the fragmentation of unfertilized aged MII oocytes might share a similar mechanism as that seen in embryonic fragmentation.
Calcium oscillations are not only responsible for promoting progression of the cell cycle in mammalian oocytes, but in part are related to apoptotic events in aged oocytes [40] . The fragmentation of aged oocytes could be induced by abnormal Ca 2þ oscillations triggered by sperm penetration [37, 38] . Initiation of oscillations in aged oocytes that was blocked by colcemid, an agent that causes the arrest of the cell cycle at a mitosis-like stage without interfering with Ca 2þ responses, failed to promote oocyte fragmentation [41] . Interestingly, aged porcine oocytes could also undergo spontaneous fragmentation without fertilization-induced Ca 2þ oscillations as seen in the present study, suggesting that Ca 2þ oscillations were unnecessary for fragmentation of porcine oocytes. However, compared to fresh oocytes, the aged oocytes displayed abnormal Ca 2þ rise patterns after electroactivation with higher basal Ca 2þ levels but lower amplitudes. This means that there were more free Ca 2þ ions in the ooplasm of aged oocytes than that of fresh oocytes, which is in line with a report that the intracellular Ca 2þ concentrations are increased in aged human oocytes [20] . Based on the above results, it is reasonable to hypothesize that the sustained increase of intracellular free Ca 2þ can activate the pathway leading to cell death or accelerate cell damage. In our study, we used BAPTA-AM to chelate the intracellular free Ca 2þ ion, blocking its accumulation in ooplasm during oocyte aging [42] . Surprisingly, the fragmentation of porcine aged oocytes was successfully inhibited by BAPTA-AM, indicating that high intracellular free Ca 2þ ion level was responsible for aged oocyte fragmentation.
Because the ER contains Ca 2þ pumps, intraluminal Ca 2þ -storage proteins, and specific Ca 2þ -releasing channels, it plays a core role in intracellular signaling through the storage or release of Ca 2þ ion. It has been demonstrated that abnormal Ca 2þ oscillation in aged mouse oocytes might be caused by dysfunction of Ca 2þ regulation in ER [16] . In mouse MII eggs, the ER was characterized by 1-2 lm diameter clusters that were restricted to the cortex [43] . The ER in the porcine MII oocytes displayed similar clusters. Monitoring ER structure with DiI18 after mouse egg activation demonstrated that the ER clusters did not disappear until after completion of MII [43] , suggesting that these clusters were associated with the fertilization ability of the oocytes [44] [45] [46] [47] [48] [49] [50] . Inositol 1,4,5-trisphosphate (InsP 3 ) receptors and ER clusters are colocalized in mammalian oocytes [46, 47, 50, 51] , which further implicates ER clusters as specialized sites for the initiation and propagation of Ca 2þ waves in oocytes after fertilization or parthenogenetic activation. Our results showed that the ER clusters in porcine MII oocytes were gradually lost at the same time as the decline of Ca 2þ store in ER during aging in vitro, implying that the structure of the ER was damaged in aged porcine oocytes. Even though the absence of cortical ER clusters was not critical for maintaining fertilization-induced Ca 2þ oscillations, the loss of ER clusters in mouse oocytes had subtle effects on Ca 2þ oscillations during fertilization, such as decreasing their frequency or rise duration [43] . According to our data, the impaired ER in aged porcine oocytes manifested a low ability to store and reuptake Ca 2þ ions concomitant with an increase in the concentration of cytoplasmic free Ca 2þ , which resulted in an abnormal Ca 2þ rise pattern after parthenogenetic activation. Previous studies have shown that impairment of the Ca 2þ uptake by Ca 2þ -ATPases [16] and of the Ca 2þ release from InsP 3 -sensitive Ca 2þ stores [17] leads to a decrease of intracellular Ca 2þ store [52] in ER in in vivo aged oocytes. In addition, physiological or pathological stimuli could trigger a large and dramatic release of Ca 2þ from ER in oocyte [53] , initiating embryo development after fertilization [54] or inducing oocyte aging and fragmentation [6] . A persistent high intracellular Ca 2þ concentration and low Ca 2þ store in the ER trigger cell fragmentation [11, 12] and suppressed protein synthesis, affecting somatic cell survival [13] .
It is generally accepted that high levels of ROS have multiple effects on proteins, lipids, and nucleic acids in key organelles, such as the mitochondria, ER, and nucleus [55, 56] . ROS plays an important role in modulating an entire spectrum of reproductive physiology, such as oocyte maturation, fertilization, embryo development, and pregnancy [57] . We therefore speculated that the damage to the ER might result from changes in intracellular ROS levels in aged porcine oocytes. Compared with fresh oocytes, the intracellular ROS content was indeed increased in aged porcine oocytes. Takahashi et al. [25] similarly reported that ROS levels were increased in in vivo aged mouse oocytes. It has been reported that oocytes exposed to O 2 .À , H 2 O 2 , and HOCl could enhance the aging phenomena compared to control oocytes [55] . ROS could cause oxidative stress, changing the membrane lipid composition, decreasing the cellular concentrations of ascorbic acid and the glutathione/glutathione disulfide ratio, and increasing cytosolic Ca 2þ [58] [59] [60] [61] . In our experiment, treatment with H 2 O 2 resulted in a concomitant increase of ooplasmic ROS content and loss of ER clusters in porcine MII oocytes. These results support the hypothesis that the high level of intracellular ROS in in vitro aged porcine oocytes might be the cause of the impairment in the ER.
The molecular basis for the defective Ca 2þ regulation of ER in aged oocyte is still undetermined. Some researchers have inferred that it might be attributed to decreases in ATP [6] . Low availability of ATP may impair the function of Ca 2þ -ATPase pumps responsible for the refilling of the ER. We have previously shown that ooplasmic ATP and ROS content were decreased and increased, respectively, in aged oocytes [39, 62] . In early embryo and sperm, increased ROS resulted in a depletion of ATP [63, 64] . In the somatic cell, a strong drop in ATP concentration was observed 1 h after H 2 O 2 treatment [65] . Our results showed that H 2 O 2 treatment induced abnormal Ca 2þ rise patterns after electroactivation, which was similar to the events in aged oocyte and is in accordance with the finding that there were some similarities between mouse aged oocytes and H 2 O 2 -pretreated fresh oocytes in the Ca 2þ regulation of ER after activation [25] . Furthermore, inducing Ca 2þ release or emptying of Ca 2þ stores from ER by exposure to H 2 O 2 damaged Ca 2þ channels in the ER (InsP 3 and ryanodine receptors) and inhibited Ca 2þ ATPase activity in the ER, leading to somatic cell apoptosis [66, 67] .
As mentioned above, the high intracellular free Ca 2þ ion level caused by defective Ca 2þ regulation of ER in aged porcine oocytes was responsible for aged oocyte fragmentation. It seems that high levels of ROS in in vitro aged oocytes might promote oocyte fragmentation. In the current study, artificial modification of intracellular ROS levels by H 2 O 2 markedly increased the fragmentation rate in aged porcine oocytes. Takahashi et al. [25] and Jurisicova et al. [68] have shown that there exists a positive relationship between H 2 O 2 concentrations and fragmentation rates in mouse and human embryos cultured in vitro. The accumulation of damage exerted by increased ROS was claimed to be involved in ovarian aging [69, 70] , embryo cytoplasmic fragmentation, and apoptosis [61] .
The question arises as to whether suppressing the accumulation of ROS in in vitro aged oocytes can inhibit the damage to ER and oocyte fragmentation. Cycloheximide is an established inhibitor of ROS generation in cell line and works by suppressing the related protein synthesis [28] . In our study, the Ca 2þ regulation of ER was near normal following treatment by CHX in aged porcine oocytes. CHX not only inhibited the increase in ooplasmic ROS level, but also blocked the damage of ER clusters during aging. These results further supported the above hypothesis that the increases in ooplasmic ROS impaired ER clusters and Ca 2þ regulation of ER in porcine oocytes during aging. As expected, the fragmentation of aged porcine oocytes was successfully inhibited by treatment with CHX. Moreover, CHX could also inhibit intracellular ROS levels and fragmentation in aged H 2 O 2 -treated porcine oocytes. These results, together with the above results of H 2 O 2 treatment on aged porcine oocytes suggest that the intracellular ROS levels might be one of the initial factors in porcine MII oocyte fragmentation.
Nowadays, assisted reproductive technologies (ART) are widely used in human and animal reproduction. Although significant progress has been made to improve ART, oocyte aging is still a severe problem resulting in ART failures. 
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Because fragmentation is an integral part of oocyte aging, the present report is the first to show that both BAPTA-AM and CHX treatments could inhibit aging and fragmentation in porcine oocytes cultured for more than 1 day. According to a previous study, BAPTA-AM does not have an adverse effect on the quality of MII oocytes [42] . Cycloheximide is usually used for inhibiting cell apoptosis [26] [27] [28] , but its toxicity to oocytes or early embryos is uncertain. So future studies will need to assess their safety in mammalian oocytes or early embryos and their possible application in ART. In summary, the accumulation of intracellular ROS impairs ER Ca 2þ homeostasis, resulting in sustained high level of ooplasmic free Ca 2þ ions, which leads to oocyte fragmentation in porcine MII oocyte during aging (Fig. 8) .
